Abstract: Uganda principally depends on hydropower for electricity generation. However, expansion of hydropower resources is limited, and with growing population and demand for electricity, the government of Uganda is considering integration of nuclear power into its energy mix. With the current and projected grid capacity, SMR (small modular reactor) technology is attractive since capacity can be added incrementally. This paper therefore presents results for SMR site selection in Uganda. Starting with twenty regional areas established by the Ugandan government, a site selection process is outlined which uses four levels of screening and ranking. First, exclusion criteria including seismicity, volcanic activity, water resources, and transportation distances were applied. This reduced the potential regional areas down to eight. Next, MAUT (multi-attribute utility theory) weighting was assigned to these eight areas for: (1) distance to large population centers, (2) ease of transportation, and (3) distance to seismically or volcanically active areas. From this ranking, four regional areas stood out and were then selected. These regions were then compared using various attributes including access to water and integration with the developing national grid. In the final step, the lead candidate region was subdivided into subzones to further refine the selection process.
Introduction
 Uganda, a country with a population equal to that of Poland and a land area about that of the United Kingdom, is an East African country which straddles the equator. With its people largely engaged in agricultural, Uganda seeks to rapidly develop the electricity infrastructure to stimulate and expand its economy. Presently, electricity is largely supplied by hydropower and current energy projects are focused on expanding that resource. As hydropower becomes fully developed in combination with other domestic energy sources (e.g., geothermal power in the Western Rift Valley and bagasse) projections of future electricity supply from conventional sources do not meet forecasted demand.
In addition, Uganda is land-locked with no seaport access. This constrains the economic import of fossil fuel supplies such as coal and liquefied natural gas.
With this limitation, nuclear power as a future energy resource comes under consideration.
The term SMR (small modular reactor) has been applied to two different but related concepts: small modular reactors, and small and medium reactors. Small refers to reactors with a design output of less than 300 MWe while medium refers to reactors with outputs between 300 and 700 MWe.
However, here SMR signifies modular reactors which produce electrical output ranging from 50 to 180 MWe. The modular nature of the technology infers that the reactors can be factory built and shipped overland in one or two pieces for easy erection onsite [1, 2] . The intent of the technology is to minimize commercial and technological risks, and reduce construction schedules.
SMRs considered for near term deployment include designs from Korea (system integrated modular advanced reactor, or "SMART"), Russia (SVBR-100), the U.S. (Holtec, mPower, NuScale, Westinghouse), and others. These have a power output between 50 and 225 MWe. For the SMR complex is to produce 1,000
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MWe, six to twelve SMRs are required to be located on ~ 20 hectares.
This type of reactor plant is appropriate for Uganda relative to limited domestic infrastructure and experience with large power plant projects. With a relatively small but developing grid, this technology is appropriate both in relation to the grid and to development of domestic support for a nuclear power program.
Methodology
Reported here is a site selection process for the determination of preferred locations for the first SMR complex in Uganda. SMR technology is scalable, with the expectation that any individual site would house many SMRs (e.g., from six to twelve), built and synchronized to the grid in a sequential fashion.
First, Fig. 1 illustrates the twenty regional areas as identified by the Uganda government ("reserve suitable areas" numbered RSA1 to RSA20 [3] ). These areas range in size from 400 km 2 (RSA1) to ~ 40,000 km 2 (RSA9).
In
Step 1, starting with a review of relevant literature on siting for NPPs (nuclear power plants) and SMRs [4, 5] , a number of exclusion criteria were first applied to screen the RSAs based on expert judgment.
Next, in
Step 2 avoidance criteria were applied using MAUT (multi-attribute utility theory) [6, 7] to 
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rank areas which passed the Step 1 screening to determine the order of relative preference. From this evaluation, preferred RSAs (top ranking) were selected.
In Step 3, using MAUT, suitability criteria were applied to the preferred regional areas from Step 2 screening to identify the lead candidate area.
Finally, in Step 4, four subzones within the lead candidate RSA were compared using MAUT methodology.
Details of the methods applied to the site selection and characterization process are described below.
Step 1: Application of Exclusion Criteria
Exclusion criteria were applied to eliminate less desirable RSAs. These criteria included seismicity, volcanic activity, water resources, transportation distances, and grid access.
For example, regions in the Western Rift Valley have a high incidence rate for seismic events. These areas also have a degree of volcanic activity which could present risk associated with ash fallout over a wide region. In addition, these areas experience landslides that can also be problematic.
Adequate water resources for some regions are not available outside of the rainy season. Some RSAs are located at distant locations relative to transportation and grid access.
Step 2: RSA Avoidance Screening Using MAUT
RSAs which were not eliminated in Step 1 were further analyzed using MAUT scoring for three categories: (i) proximity to the most populous cities, (ii) transportation network, and (iii) proximity to seismically active areas.
(1) Population-MAUT scoring for population was based on weighted distance to urban population centers. The largest cities in Uganda were identified and based on the national distribution of all city populations, the top six were selected (Kampala, Nansana, Kira, Mbarara, Mukono and Gulu) [8] . For each RSA, the distance to each major city was then combined with the city population to obtain an index indicating good separation. For a given RSA, this index was then totaled for all the six cities. The individual indices for the RSAs were then normalized to a value between 0 and 5.
(2) Transportation-Major SMR equipment is expected to be delivered via ocean shipments through the seaport at Mombasa, Kenya. Therefore, the existing road network between Mombasa and each RSA was surveyed kilometer-by-kilometer using Google Earth imaging. Various impediments to transport of oversized heavy haul loads were tabulated. Impediments included: (i) travel through city centers including number of roundabouts, (ii) narrow road sections, (iii) underpasses, (iv) bridge crossings, (v) road surface type, and (vi) elevation changes. Based on a review of the tabulated impediments and distance to the border with Kenya, a subjective score between 0 and 5 was assigned to each RSA.
(3) Seismicity-Historically, seismic events have been recorded throughout Uganda. However, the most active and energetic events are stretched along the Western Rift Valley. Since there have been several hundreds of recorded seismic events of varying magnitudes, to make the MAUT scoring tractable, the locations of the six active volcanos which are interspersed within the valley were selected as a surrogate for seismically active locations to be avoided. Similar to MAUT scoring for population, distances between each RSA and each volcano were determined. Since seismic ground motion generally attenuates with the square of the distance from the epicenter, the sum of the reciprocals of the square of the distance to each volcano was computed for each RSA. The individual indices for all the RSAs were again normalized to a value between 0 and 5.
Combined MAUT score-the normalized scores for population, transportation, and seismicity were then weighted and combined into a single score for each site. Fig. 4 ). RSA17, RSA far from bo and planned out [14] .
Using thi from furthe qualified fo RSA7, RSA 
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Step 3: Screening of Preferred RSAs
The four preferred regions from Step 2 were next evaluated against the eleven criteria described in Section 2.3. Circumstances and features specific to each RSA which factored into the MAUT scoring are discussed below. Composite scoring is then provided in Table 2 .
A summary description of the subcategory evaluations for the RSAs is provided below.
Analysis for RSA7
This region generally has high population density and it is difficult to locate suitable sites with low populations in the exclusion zone. On the other hand, this region has good access to local labour. The region has high seismicity relative to the other preferred regions. There is no history of severe flooding but much of the area is located within permanent wetlands.
This RSA is far from national parks, and has sufficient access to cooling water and overland transport. Grid access is currently restricted to a nearby 220 kV transmission line and would require an extension of the planned 400 kV line. This region has relatively high current and future potential for industrial development and includes intensive land use associated with agriculture.
Analysis for RSA9
This region has many areas with low population density. It is relatively easy to locate suitable sites with populations of less than 15 persons per square kilometre in the exclusion zone (see Fig. 5 ). Beyond the exclusion zone, the current and projected population density is well below the guidance of 500 persons per square kilometre given in 10CFR100.11.
This RSA has low seismicity, adequate cooling water from both Lake Kyoga, and the Victoria Nile. Also it has relatively low land utilization with moderate levels of agriculture, and very good access to 400 kV and 220 kV transmission lines. The region is distant from industries, has minimal historical flooding, and is surrounded mainly by permanent and seasonal wet lands. Part of this RSA is near a national park and may be crossed by migratory species.
3.3.3 Analysis for RSA10 RSA10 has a high population density (~ 300 persons per square kilometre). Therefore locating suitable sites within this region is problematic. Seismicity is considered to be low (high scoring). The local labour force is considered to be adequate. However, much of this region is located within permanent and seasonal wetlands. High seasonal flood Table 2 Step 3 MAUT weighting of four reserve suitable areas.
Raw score
Weighted score Category/subcategory weighting (0 to 100%) RSA7 RSA9 RSA10 RSA11 RSA7 RSA9 RSA10 RSA11 Health, safety, and security 50% Population within exclusion zone 70% levels can affect access to the site. There are limitations on water availability with possible cost implications associated with dry or hybrid cooling. Currently, developed road access is poor with a need to construct a road leading to the site. Interconnections to transmission lines of 220 kV, and 400 kV can be easily effected (see Fig. 4 ). There is no expected interference with industrial facilities. Land use is poorly developed leaving many areas suitable for siting. This region is located far from national parks.
Analysis for RSA11
RSA11 has a relatively high population density. It is difficult to locate sites with exclusions zones containing less than 50 persons per square kilometre. Several areas within this region meet the recommendation to remain below 500 persons per square kilometre in the low population zone [15] . However, a rapidly growing population may be a challenge in the future. The local labour force is limited and not ideal. The region is not affected by seismicity, but has seasonal wetlands with high flood levels. Water for a year-round cooling is limited. There is good road access, and a planned nearby transmission line of 400 kV. However, a second offsite interconnection is lacking. The region is generally far from industries, has minimal land use, and is located far from national parks. Table 2 indicate that RSA9 has the highest MAUT scoring and is then selected as the lead candidate regional area. RSA9 is also the largest of the twenty regions considered by the government study (~ 40,000 square kilometers). To refine the analysis, this RSA was subdivided into four equal subzones, namely A, B, C and D (see Fig. 1 ). These subzones were then subjected to further MAUT screening using attributes for: (i) closeness to national parks, (ii) availability of year-round sources of cooling water, (iii) flooding, and (iv) current and projected grid access.
Step 4: Analysis of Lead Candidate RSA
Results in
3.4.1 Analysis of Subzone A There is a national park located entirely within the boundaries of subzone A. This will limit available locations for SMR sites. This subzone has excellent access to plentiful water supply from the Victoria Nile. Estimated consumptive water use for 1,000 MWe of installed SMRs using wet cooling towers is less than 1% of average annual river flow. There are no special limitations associated with flooding. Access to the planned route for 400 kV transmission lines is good.
3.4.2 Analysis of Subzone B There are no national parks located near this subzone. Water supply to this subzone is irregular and seasonal. Therefore, there will be an economic penalty for sites within this subzone to address cooling. Flooding is a significant issue for this subzone with an expectation of frequent and recurring seasonal floods. Grid access to the planned route for 400 kV transmission lines is acceptable.
3.4.3 Analysis of Subzone C There are no national parks located near this subzone. There is no identified source of water which can adequately service the plant. Therefore, dry or hybrid cooling will be required for any site within this subzone. Flooding is not a significant issue for this subzone. Grid access to the planned route for 400 kV transmission lines is acceptable only for the eastern half of this subzone. 3.4.4 Analysis for Subzone D There are no national parks located near this subzone. This subzone has excellent access to plentiful water supply from the Victoria Nile or Lake Kyoga. As was the case for subzone A, estimated consumptive water use is less than 1% of average annual river flow. There are no special limitations associated with flooding. There are no planned high voltage transmission corridors within this subzone (Fig. 3) . However, projected costs for transmission lines are relatively low for Uganda. In addition, there is future potential for a hydropower project at Isimba, and interconnections between the SMR site and Isimba to Kampala and Tororo would complete the 400 kV network into a national loop enhancing overall grid reliability. Table 3 provides MAUT scoring for the subzones A, B, C, and D.
Conclusions and Recommendations
Outlined here is a site selection process for determining the lead candidate areas for siting of an SMR complex in Uganda. The process made use of expert judgment and MAUT scoring. Candidate areas were taken as those selected in the Uganda government study. Twelve of the original twenty areas were first eliminated as low preference locales based on exclusionary criteria.
Next, avoidance criteria and MAUT scoring were applied to the eight remaining RSAs to further reduce the number of areas to only four. MAUT scoring was then applied using a set of suitability criteria to identify the lead candidate region.
Finally, the lead candidate region (RSA9) was divided into four subzones. Again MAUT scoring was used to identify the preferred subzone within this region. Note that this subzone D, has a land area of ~ 10,000 km 2 whereas the site for an SMR complex is comprised of ~ 20 hectares for the site security boundary and ~ 200 hectares for the exclusion zone. Determination of any particular lead candidate site for the SMR complex requires a local site specific study. Such a follow-on study would identify and examine individual sites in detail with regard to local land use, land ownership, public acceptance, topography, soil substructure, and other criteria related to site specific characteristics.
Note that while the siting study detailed here is identified with the introduction of an SMR complex with up to ~ 1,000 MWe capacity, the results are equally valid for the introduction of small to medium sized reactors with an equivalent capacity (e.g., 2 × 600 MWe).
